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Khc comiiun 'wrm. It b ^^^i^n kIym ?hc incremcni per CHs groi^p h ^h^^ same 
a» that m equation 3-2j tni^js though ihc. o^^anic s<>ivcni in ihis cas-s 5S jtoi a 
ptire hyrirociirbDn. Thh as^reea-ic^il ii:iiiy be aitribiUcd lo the probable 
hydrogca b-onding birtwcca Ofi groups iu liquid idcohoL %vhich would 
Icjrvr the; disUil [>orik>rts of h^xlme^fboii uuh <'$SicmiMly in a siydroc^iiboii 
Cfwiros^^mcat. (Sec discussion of sohibiKlics of liydi-ocarbt^fls in alcohDls in 
Chapter 2.) The ccmsta^H term in equaliOn 3-3 h very much srrnillcr th^Ji 
that (or carixixytic acids^ p:iven in ^^qiiauon 3-2, ujciicsnng chot iht- terminus] 
OH group 1$ Icsi? liydraphiJk Khmn ;i COQH groupj. ^vhich is not surprising, 
.since, d'je hiMr can form a larger ininibcr of hydrogCT bond^. Taking the 
coniribudon of the- terminal methyl group w fm<m ~ — 2 1 00 

cai/molcj as before ^ wti fmd that die concribujion of mc lerminai OH group 
beoasnes +134(1 cjil/moJe the CH a group pvaxtrnjal to die OH group is 
ass^iimed to make no conwihmum to ^^pst ^ 1^%*. 

These r«.:su]ts: s^pp(?rl the idea <c-?:prc3&cd bi dvt; iK-gianing of i\w ch-^picv, 
chat the coTstri billions of the bydropbiiic^nd hydiaphobic porvious of an 
amphsph^ie 'O the frc^i esses'gy of intcraetian wiih sdIs-cdi should be nearly 
bidepmdent, Ob£ ETdglythavc:,€X|>e<:ted^^^y^ per tirboi* atom m 

icouadon 3-2 to be few percent larger, diat Is. th^ sansc a*; in cqxrauixiij; ?-3^ 
2-5». and 2-S«. However^ k must l>c recognised t'hat %vc ar-c dealing with iso- 
lated cxpcrirncnlal s'^jidlcs- ai^d d>at tl-n^ absoJylc accuracy of I he measure- 
ffsents MiSiy not bi: as good as die $e]f-cemsistcncy cixprcsscd by the clc^ t^d- 
lii^rcnce to the linear Tg:i a lions, A somewhat SEnaller in crcment per carbon 
atom in equaiion 3*3 h thcorclkally no I tmexpccttd' bec^ius^e the ofg-ah'ic 
^olvt-nts in thh case are a scries of Ktcobols. 

Reierence momd be inadc- to ^ stwdy by Schiier sr^d Schricr ( 1967)5 \s^hkk 
■•iudkaics that the enect of added salt on ttJi' of organic .amides is also an iiddi- 
live furies io3^ of af?pro>;tfritaieiy independent contribyiions from pohtr and 
Tionf>Qbir . groups, 

Han]<ty, <l.y3f>), .-t^f^raaj Smutinns <if l*<irtA^n-'Ch&in S^IIk Hcrnsana &. Cic.,. fiUriii. 

Kintjcsbita, K., Ei. Istsafc^t^^^a, ^ml K> SbirtO<l?», (1^^). BziiL Chrrr,^ SfK. J^p^^n, Zl^ H)8!b 
Maker jrie, V, <L*M7), Adi', ijti Cdlaid ar^e F^c?/S'^ 241, 
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BIOLOGICAL LIPIDS 



The biocii^mist use^> the. term 'Uipid-' to defir^e aU organic jiyalecylcs 02 bia- 
iogkai origki that are highly soluble in crgank solvents cir^d only *;.parirLgly 
soluble, in water. Included in thU definitiOTT aire fats, -Wnc hormones ami 
vStaanns, aJKi many othtsr sub&tavice^ of diverge chcraical identify aad bio- 
logical fuaction. The di^cmmity in this, chapter v/ai be cDniined to lipids 
pre&ejvi in biological mcmbr<i£ies or in soluble lipoprotein cotnpkxes, and 
they frd! mto t^vo classes: 

I. AnTLphiphik moiccuk^^ or ions of c he iy|><? dise^s^i^d previo^i^ly hv ih^s 
book, containiTig a. stnongly- hydrophliic head group and one or more (mosl 
o(im it^o) iQBg hydrocarbon lails, 

2.. Ghok^5Ccro] and acyl cftiers of chofestcroL These ^utni^nc:^^ do not 
resemble any \vc.h;*vc previously co?>sidercd; .their principal cnvimXi^ent is 
pure hydrocarbon la the farra of the relaiivcly rigid sioroid ring. Cholcstcrrpl, 
the stmcuiral formula for which is 




tftay be considered amphlplillic by virtue of possession of a -single OH groisp; 
In choie&U^ryl esters ti-uei OH group formif' an ester iifiK ;i C^-itty add. Iri 

cither ca^e the afHnhy ibr wmcr very weak cou3p?^rcd to Th?:it of ihe $trong:ly 
hydrophilic head groups of Qther rnetubrarie lipid^v. 

^The. most abvmdant lipids' k^'^Mfet category corn a in 1 wo hydrocarbon 
c:hair.s attached to a sm^ic polac heatd group. Amcm^^ lipids of this typ« arc 
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nhcm of she phoRj>hog]yccridcSj w^hlch have t,ht!r gcocrai formula 



OHs— CH— CH.— O— P-^ X 

0 o o 

1 ! 

o c c - o 



where Ri ^md Rs arc hydrocarbon chaiii^. The head g^roup bears a ncl 
negative charge at neutral pH .-if the" X/giroup m this iorm^tl^ k n^uirnl or 
siwhtcricsriiCj, as ioUox^^s: 

PEfcOsphatidie acid — X 

Plia?phatkiylserme ~~X = — CH3GHCNHsT)CX>0^ 

Fbo^phaudylglyocroi —X =^ — CHnCHOHGH^DH 

Ahematively the head grgup iija)^ be zwincrionic at neutral pH^ if the X 
gm.tni. bears a posilivc ch5rgc, as irs. 

Fhospl^sudyichoJine ^^--X - — CHiCH^NvGH j);^:^ 

AmirKjac^'l derivatives at pho^phaX\dyl giycemi occur in ; ^.orne. bscticrla. 
(Houi^m!-ller and Van Dee'^cn, 1 965: Lei^nsrz, Incit^ded -In thjs 

amgory. is.iiie lysyi ester af phosphatidyl glycerol., %vi>tch bears cwa |X>&itivc 
charges, ronCcrring a Tjex positive eh a rge on the head group as a whole. 
Apart from this insranrc, phosplioglycandei^- -with posidvdy ■ charged ;head. 
.groups ax€ rare or norsexrstent. 

Fla^rnalogciu n^pret^cnt a v^ariain form of I m \%*hich one of^he ester links 
•is .replaced by aKi-ether liDkage.. «nd i;ioiiIar molccules- with two ether Hnkagcs 
.kaA^e also bpen observed. A.nQther lipids chemically qune dlsimct but geo- 
memcaily similar, Is $phmgo myelin 
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Mosi giytolipid,; are also sphi«.'.Jfoi.i, ..,;-u , 

* ^-'P^'h >V2.J3 t3>ft general fortmht 

HO— Cl-I- CM— eii,- 

i ! 
Cff NH 
•1 I 

lid c = o 

! I 

The carbohydrate moictv X rrnv h,. - • 

oompio. oligo.acch.ri.t, d S:'' "^"^'r^ ^^'J^nde), , ,,,,, 

oiig«»acchai-ide contamfer. or mX'- , ^ . ^ « complex 

Mitochondria confair, consirfcr:,bJ.- r--,,-. ' 

~-C-H«CHOHCH.->. Thcr- -c t -r - f ' ""-^ « -placed- bv 

Lipids with a sim^k- )n...-l.-nr-,,-jI'-,' '^toifgcs on ihe head group, 

ve^,.^,, ,u.ndn«.^ 2^^^^",:*^"? ^^^^ ''^'^ 8-"P — « o„Jy 
(forn^ula l ,drh o«« of t! J^i^c-vr " 'V-l>ho.ph„ripid. 

axaior^.. noicd in Chapr.r n k5 """T^ ^ ^ f«t»y add 

l«nd ,o be inco.pora..dt; in;:;|:^ V^^Tr^n ^ ^"'^P^-PWlK- nxoJcculc 
^'-aering m«Bbr;.:e. ^c^,.t^ i: :;*h:^^^^^ -^her a^^phiphEk,., .„d, con- 
fom.ed by ,hcpdndp.l „.^i,;fi™|^P^^^^^^^ --<^J^- 

p«n.n«, s,«h a. fet.y .ninns, z^s:::^^:'^^^ ™ 

in the mcdh,m mth whsch ih- niV-Cn' ^''^ ^ "^''t'^" o! their presence 

Analytical dat. for th ■ 3 p=V 1 " f "'.^'f*'^^'- 

T.bk- 12-i, Thev ..-c ^ 

^e.p.ct .o i^-Jt^^S^?^ ^^^i'^' 

common fi;.?iur« of ajj jh, J-..,., , .t'^J^""-*^ M.mibran«. 'Ilic 

3jpjd tonskts of iin5phiD!^--^":r."X"!,''l''V ' - f ' of sjcmbr.Mc 

group,, ar.d (3) d,,u ,Jvr.«. rSf • . COntMn,; ar.ionic head 

charged head ,.OMp. do occui- in .on. b:;:ri.';te:;Sn?r' 



ial>h« 12^1. Lipid Compos^Uio^J? t>f Some Bi«i«^ieal Mi^ttihr^^jii^j^^ 
(K^xpT^-i^mid u.^ pp:rcc3i t by wcJglit of totijl lipid] 

H5.tT*:ian HymBJj Beef Hc^^rr 
Eryihrocyi^':^ Myelin' Mh*?cli03idrla/ E« Ccm^ 



i" 1> OS D b 1 <1 \' j eh<;ti i ri f ^ 
Phci^sphsl i dylcihii nob mine. ^ 
Ph o 55 p h a I y J 1 y <: <^ to 1 
PhosDri^iidAiinosiKjil 

CardjoHpis; 
Spl-imgomydln 

-QuaistitaHve- lipid anaksis is a rapidly eve J oping scbmre^ . and ma«v. of .these 
Hgui-e^ are likely- lo change as it progresses. In baciiefial membranes, lipid com- 
posjcton d?:v«?i^^ g>&3tlC^X£e^ni Cjn gfO%v£h phase ^nd uulrnk^n^ Sutziur^. 

Up TO one-^hlfd of die jjtophatidyi dt-flvaiivC-S may b£! in ihe pl^ismalogcrn form, 
ihat is, wnh an tihof rsithtir ihim ^ji caicf ]ink lx:Ev^c«n eHc Ij^ydroe^rbon cisssm and 

c 7iic%gur<:s arc for fr<:c.chol€s£<?-r<?.i. fchobsicroIciJtCJrspeeur ki;*»hjyc tij^prowlns, 

bu^. ha-s-e i:iO=J- btit^n ibisnd' in mcmbrSJief. 
^ RouK'r al. (1968}. 

fsvst-^t-^nii myelin. 

f Komcr m.^]. (1968)/ Tht^ valises pvcn an; foi' toial inScochondHal lipid. Inner und 
h of the frlycanpld Is rt:icb:r;side. 20% W -milfiititic. 
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The hvdrocarbon cha-iJ'as of biol4>gical lipids are ujvanabiy very long. 
Onw'^smk]] amounis of fatty . acids with Fewer than 16 carbon aioms are 
usuiilly obi?Lmcd upon hydroteis of diacyl lipids, and -ifHam-lcngths io 24 
r.srl>an adorns occur frcqueridy. Aa aio^o^t universal fcaiurc k the presence 
of unsai'.3fatcd mtty acick,- typically the extern of ab^niC 50^?^^ of die totfy 

^ In .a^^.r b^^teri^l UpUk a )nrtbyjc;ir grouj. ^lX^,y ad^lt^i ;^cross tiic uni^^.Uir.iic-i bpnd 
to produce ^ ^..^pvopn m^ixp. or hriinchca fealt^rztcd Ja-y acKk nu.y Lmd..r certain 

p&^aUi-rlcloK^pack-CtJ J:in^y^ wih la^c^.r s^suiralcd: hydrdciu^Sk^u cl^ams. 



^5 i53f>aoK}ic^t;l iJ^KdN 



of b.3t3g ti»¥i5c& foniain iiyurocar bon chains derived prcdomiftiinUy from 
sijiaralcd f^btiy ?K^id£, dipalmiioyl phosphj>xidyJcholu>e b^ing the pAanLpa.] 
cons-ikurni (Abrains; i960). The fatty acid conlpo&iiion of t.he micropTi^snbin. 
MjcfipU.sm^ iaii/iiiwn IJ can be altered dramaiicaUy by rc:3;ulaudn o?' ihat 
gromh rni-djum, atni the orgmiism is vbble %vith a saturated rV^tiy acid 
content of as much as 90% (NkElh&n^y »nd 'Founebat^ mS'h L tbt> 
nomi^jf siti.iat50i?j, ivh^rc iKe numbt-r of saturated .ind unsaturated hydro- 
csrbon cbaUii? I5 ^houi equal, one cisain of^ich kind is of tea prciicjit on ihir 
saint! rnolccidr; in the pli-ospho-iyceridcs (f^rsrrjla I) of niany 5p<?dcs, Rg 
tcn.d5; to b^r n saiurat^^d ff^Uy add and an uni^ai^jraicd fatiy a^-kl. On- 
siiiunu^^d f£U?y iidds may ruEUinn up to siv dmible bands. Dovjbk bands in 
ymacur:ucd muy ^{-idA iWm bacccrjal ar nium^s^ rnernbr^^Jics ar<^ sssualiy in 
thu ^jVccnlignniiiors and, m poJyunsaturaLrd ^ads, tend not to i?^ cobfu- 
g^tted. Reviews by Rouser at {1DS8) -nd Hill ^tnd Lands (1970) mr^y br 
ronsulttd foi* arfd atonal Informnlian,. 

All ai die No]Qgii:.?d J3pld5 described ^ibovc, cxceiu choicncrol nnd it:^ 
riiTcr?;, rcsrridjte rh<* siyripkr ?trt\phiphjks discussed m prcci:dirig chapKtrs. 
They isrt^ expected la fo-jn miccli-efe in ricisi^ous medifi ajid, beeaust^ tht-^r 

o( unns^orlmca UiHd hi cquL libskun with ihc iincdtcs ^vfnch \v<v shall con- 
ttnoc to MUTHt:' j5 c&scnlbdly ihc t?nBtc the criilcal tnii^^He CDn<:<i-fUratk?fi) 
shmjld be vciy siisj*!!. Foi the predocp.in.*m.t type mokx-idc, coniisitni^g two 
hydrocarboEt chmn% p<rr head t^ninsp. the 2.niccil«.^ is cxpc<.:tcd to be of the 
biiayi:T 'ypc, and ib-rc should be* a tendency for tint hi bi vers id turm rimed 
vcskks (CiLapif^r 9). Mixiun.* yrjipldj? shoind rcmMy form mi?j<-d mic^^:lje^ 
£tnd, if most of die consjfitttou jm>lec%dcs. catvuiin- Lwo hydrocarbon chains pes' 
head group, Ulcsnlxtrd iiiicc3 ten should aUu Ije bH-tyers. AU av;ubt>1c e^cped- 
3ticntai. dam, --sonH' of whkh ^^.alL i^c sum/naHzL-d isi ihb chap^t^^r, suppori 
th^iae prcdicElons. 

In cOMsklerirtg \hc physic-ocltemkal- dau* to be prc^;c3itrd ^vc ishtniFd- keep 
IB mind ih-c IlkfUhoDc!, as discu^trd in Chapter 6, dial OiiccUar slrucuircs 
Airmcd by a-nphipaiic mokcuLe^ with s'cry ]Of^g irii}ir^^t<i hydi'C^carboJV 
chains- nii^iy have hydropisobic rcsrcsin tvhicSj ih« hydrocarbon -chai)^ -Jir-t-': in 
ordered p^sriicrystiiiJin^? array ju room terrif>craiurc, m5i<?a<3 fjf 1>dag 
Jkiuid. fin- rnolcruks \^ Lih ^/?.f^i;;?^/(?i HydrrjcarborT chi=jki<i, tnrihcr f>ther hand, 
the mddng poini for ordcrfd sinicnircs is expec:ii/d U} be bclovv rc^om icm- 
p^raiurc. and hydrtjphobk com iniiy accc^rdbjely bn^ in 'a didcL 5,iatc, 
The data cr> be pri^scnird in shi?^ and Uic f«lk)%ving chapter wEJ I 5n faei 
di?rj;on?sirarc ihai ordered and disiQrdered hyd?-i:H>aobir ^:^>rc-> CXiSl 3mirh..as 
cxpr-Trd, and -Jic rciKui^v. Dl ihc ^nno^ving r:ba}Kcr vv]!| pcaiui.!. uj; refiru^ 
coj^cept? <tf th<" ri3c.a-n5ni? of ''^ordcr" as^d ''dk»ord-t'r" d; these aysiivms. 
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Many <}t the restih^s ic:? be dl'irii^scd v,'cjx obr^hR-d wjdi lipid* LsaUlcd from 
riitiiirril soumi's., cornc'siinrsg ituaiecMlrs \'<rith -ji s£iix:tUTC of hyd roc^srlxm c^hsias. 
Th^ arBicTipJ of chis nyp^ tluii hai^ been employed rnorc f^cq^j<a^E3v thc^n aj-sy 
othitr? is <-g-g yolk phosDhsuidyicrhoHBC, Tills jj^atcrial h pure with regard to 
iht^ lu^Tid ^To^ijp^ bat cont^^lns a jnlxMivr^ of aryl ch^ii^Sj, aboui 50% thc2n 
s?:turi:ncd ar;d 50% tummu rated- I^incipal cqn-siiiucrits miar fjydtijJvsis of 
the csEKr linkage ibund b a typka3 analysis <Hu55D^ <:i ti[.^ 1964) to be 
paixnhic. acid, stearic acad, aUric acid (6x5€ doublt? b6nd) and JEiujlcic ac5d 
■(iw*5.doij§bEc bonds). A sm^l^ aiKo^ini of 0%^H.nCOOU (four double bonds) 
AViiK also prcsei^s. A lypical individual mcvkrcuk In the mixii^a: -probably 
coniidns -cue saiurss-cd and oi:j€ unsatui'au^d hydrcjc'arbcn chain, exs loetj.- 
lioncd carlkr. Oj-d^ftrcd sirrsys of the hydrc^wbon chains ha%-e low stabiUiy 
in a jQiixturc of shift kjpd^ ^nd egg phosph;n?d>^ichdirfcC Viil b^i; seen to re* 
scmbk p^ire syruhe^ic STi^olccuks ^vhh u nsamra ted hyd 3 iKrarbon chains hi 
mat it fotsm bil^rycrs u'iih «i liquid iiydraphobic core at roorn ^cDiperaiure. 
hi tertm of a rninih<:r c^f physical prop^^rtics par diseuss^cd: here, 5hc eerg yolk 
pnsducr rcs^mbl^'^s pure diolcyC pl3osphis;idS;lch?4mc (PeGicir el aL^ 1968). 



Brccvusc ihc cmc vahic^i -fire so srnriii^ ihcy arc dlfEcuk lo mcafi^re. Exjx:rl- 
jncniBi values are av^Li^ibie ior palmiwl lysopbD^yphatidylchoUi^c. -syhkh 
cyoiairi5 only one ■■ hydrocarbon rii^-^in^ . and for dlprdninoyl phospK?iudyi» 
cholmc. They .are shown Tabie This i^ibJe jalso show* predicted 

vaHics, based on oitrapolaitjon of the data shoH'3> hi Fig.f, 7-2 and 7-S. Since 
no dai^ ai*^ avsil^iblc for jvimplc arnplupi^iks concaLni.r-|!- ih-c pbosphalidyJ'- 
cholmt: bead grx^iip, wt^ hiivi^ iiMtd ihc rcsuks for die N-aiky^ bciaint'iK which^ 
like xlm pUospkviiidy[cho1ii-Jc% contain a ?:whic.rionic; :|?.cad- groups a suk- 
abie model- Prcdi<:^icd valuers (or the csnc would h<iv€ bccJi ]D*v<:r by a factor 
of 10 if die alliyl g]ycos.5dt'5 h^d bceo us^d ^is a b:ish for d^e cxir:-3poisdoi>. 
For lite dlpaJmicdyl derivstK'c wc have ass^a^T^4'd thm the seco^td hydro- 
carbon cliain cxer!5 asv cilcct f^q:.:ivalcnt sbou? 60% of thai ^-rhich ^vould 
re^iuk frtmi i^xicndinir :i shit^Je chriin by di?^ sisitK^ jinrnber of ci^rbop atonic. 
m Fig. 7-3 ?:ui^g!:^f;t5- Thi? Ic^ds to ihc predtcdoa that, she cmc of dipaimkoyi. 
pbosph^ ckjylchab.JTtc sboidd be about the same as the cmc of the' - cprre- 
?pf>ndk^g iy&ppl^-^fjphrsddyicho^ wlih a C^^ saturated hydroc^^rbon ch;.iln. 
The pfedfcilons iiasde m this way me sckh to, be in cj^ccJknt jti^rcejncni wiih 
t]:se cxpcrimcQTal rcsutiSj which su.ggcKis ih^it ihc cmc of mim pure hpld*: of 
this type Ciiii probably b^:; cg-Chriiitcd rttjisQiiably wtH on ihc. bas-iii of the re^- 
suits for jsirapkr ^mp3iipHile.s. 



T^>U, €riU.al Mie.Ife 0«,c^nt.r«Uon^ ^fBiolo^Heai Lipid. U 



* Using cqMafjon 7*3 Ml-h./« =» 1. 

*T?,c palr„i,oy5 rti6irly coniaiKS hytlj-ocarton chain. 

Bribed an ex?r5tpi>btEon of the dn-i^ r if F^'-;--* ^ o.>.} i - , , 

rl.!lt.>^''f - -y^rocarbo. chai„. of dipaknUoy] pho«ph,,kJ^l. 
pttj^ Jl - r ^r' "''^'"^'^ P-.crvM.iiiac «rray iLead.of ih'a 

..qu.t. co^ should not uavs a laa-ge eS^t o„ the c:^r. Th. fr^c cn...v nf 
mctan^af the ord.ri*d ^irray is probably fe« rhaa I kcai /.nde.„d thr d^.; 
.ac;c .b^cvv^es vhe c..c of oA.rwi.. Cdcnt.c.t micdJc. .-ixh ordered and iiot^ 
core. ^ould .h.s be ks. than a f.cto. of 5. Thi. d^fltrcncc b not m.ci^S" 
t^.u prc:c.«pn ^vHh u-bkh th^ cmc can fa. x„ea.ur.d: the probabk error 
is iibmu a factor of i%vo. 



SOLUBLE MICELLES 



o. « « about HU, both lor .sy^thfitk patoitoyi Jy.,>«ha,pl,.udvlH-,on.; 
^L.w..«nd Gottlieb, f97i.) «„d Jor a „n.«^ p„d;c. ohnnneS by ^.v^a k 
Ck^vage or egg yoik pho.phaudyichminc (Saund.«, ,956^. l^.^'^^^C^^J 

^^^^.'^T^' " ' -/g- Because .>fth;vin;,n3Xuc: 
o. p} osp.,cu p.ds wnh a single hydrocarbon <rbain m biological m««braa<s. 
dies o. ih« type no. of „.uch imcrc.t, and little work k.. hc.. do»e 



Phospholipid moiccuJcs contsirung two hydrocarbon rl^pim a- r-l-^fv^K- 
diKvculi to dj^pmc m *q«co^<plu««, i« mi«ibr form. Wlu^a .va,«. added 
to dry phos^.«„.d. .vvdJi„g iaJc« ptece, with formation of liquid 
pha... 01 d>fl«.«ni femds bdoxv). Further addtdon of .cnd'^ 1':" 

to ^i'^pcrsai of t5,,s lipid without disruption of d.c ordered a^.rres;m.-d Mr«r- 

tnr« ,n the prescncc.xrf water. Ekctron micrograph, of pho.pholiaid prn>- 

C >.rvK.):ua«., 10U4; B..r,gh..„ ct ah, 1965) i„v..ri^Wy .hOw rn^IUL^nxr^d 
clos«Msiruct«r«, .such m ilKmra.cd by Fig. 12-1, .vhich cannot be fuVther 
^ubanndcd mUwut rupture of the individual lav^i-i 

As fir..r_obscrv-«d by Saund.r.s ah (1962) small «4ubJe micdJes car. 
obian,cd lrc:m .^ufulayered •structures by ultrasonic irradiation; Th^ 
naw-lics so lorraed rppr««n a wixt«r<» pf vcaklcs, some still bound.-d hv 
several bi.syers. A Iraction contj,iniag only v.^idcs bov.ndcd a" ^inel. 

eK..on^^u^.ap ,y A dciadcd .t«dy of .uch vcidc., derived from eg^ vntk 
phaspn,.>dy]Rhoh.c, ha. been rcpo««d by Hua«g (1969). They found 
t>c qHuetmnomi in &iza, whh a. mok-ralar weight of ^ 1S» rorrr^,«-,n<^ 
mg so m - 2680. Electron micrographs, tJ,c S<«k« .^adius as ir^e^^surtd Kv 
gcUl™.Cography and art h„rinric viscosity of 4. 1 «r/g are ail ^.r^nd^t^;;;; 
^vlth a rougldy.ph«ical vaiclc, ^«h an «Kten,^l diameter of gb^n^r' '>5n^ 
jna an .ntcKjal cavity v,.id, a diameter of about MO A containii.^ 'a^n^ 
fl;0 s «.)v'cnt ^«.ostly u.«l^:rj jjcr g of phomhoHpid. Both the dvicknc^s of d,«. 
bjbycr Btid the area pccupicd pcr bead group In th«« vesicle* are oon.isccnt 
v..th rcsu.!s obtained rrom X-n,y difjraction Df liq^id crwtalline *-^g pho- 
prtaiidylchohnc, (s«e below), -cd I "o. 

Similar vcsfclcs, bounded by a sln.^de biJ^rvtr, bi^t |«s uniform =-»d of 
somewhat 2a.ger average ,m^, have beca obtained from sov beanli^id. 
vMiyamoro and fetocckenius, (971), as i]i»s,ratecl by l2-«.: Cle.r diJ 
pc«.ons can be obuuncsd by uhrajonu: irradiation from i van^-lv oflin^^^ 
ana st is probable ih« shcy cor,iain vesicles of die #amc neiic-at'jvDc' Vt U 
proDable that any lipid that prcfercntiaJly adopts the bila^-cr .«r«c. ure 
forxn such vesicles provided d,at it co.-amn. soin. unsaturated hydrocarbon 
cmms. Inere ts one report (Saundc,., 1955) thac ,hcy ceanot be obtained 
at !-,KMn icinperature fron^ p(K»p|tatidylchoh-nes wijh idcniicaS lon^^ sais=rat.xi 
.ewy add chains, v^^hich^wo,dd inrtply Tcsi^la^ce to ;hc i.^.position of cttrvaturt^ 
on the oilay^r .becauye of the tcndeoGv to form OTdcrcd arravs of th^ fativ 
aaa cbams. More recent work (Sheets and Chan, 1972); 'hb^vevcr, ha^ 
snovm that dipalmHQyl phosphaiidyfcsiolrfte does. fOrm smaU' v«icira o-i 
prolonged sohieation, xvitb pmial rcteuiiou ofan ordered an'a«gemcin of 
acyi chaiiM. 
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siryceural si u dies oi th<* ordered phases arc iliercfbrc of special imeresi 
bcccii^sc they pcnnir dctcrminat km of bllayer dimensjorss. 

Jsiimt^rous sviidii^s have bcexi csnicd out by dcciron imcroscopy (Fig. 
12-1) a^^d X-ray diffraction, Th<i pioriccring w^k by X-ray dffi'act^on was 
4ij^t by Bear i:x al (1941) and Palmer and Schniht (1941)' They midlcd 
vajieij-of.nplds. iroui mmmil soytce?, ar^i were abk to' c!emc>Dstj^i« the 
existence .;-df the' bilaytr strucUirc and;.fh^ .csscii fishily correct dimendon^i 
for it. In particular, ih^y were ihir nn;t to obsm"c, la aijhydrous or nearly 
anhydroijf; preparauous, the spacing .of 4.2 A characteristic of hexagon ally 
packed hydracarboii chains perpendicular to the bilaycr phimu and £6 sho^ir 
tb4?. broaden iiig of t hi^?, spacing to an average valtic of -4.^ A wheii water 
E5:ddcd^ They correctly hiferrcd from ibis thar ihe interior of ihe biljiyer mtisc 
then Qt: In liqijidlikc sist^i {Schmiii, 1939). More dctaiied X^ray si^^dies 
were sij:l>sequeFUly made by LoK^^aii aTiid:.co-\vwl:.crs, and m.QS.tof ^th.i^.wdrk 
has bcervsunviiiarizcd iiv a review by Luzzsti (19^B). Phmphpfipids with a 
varkiy ^>f head groups have Ifen shown to form itfrriijar mishllamellar 
striJCiMres CRd!^5-HMS50i:u 1967; Fap-hdjopouios and Mllkr, 1987), incJud- 
ing the phospholipid msxturc ^Qnl mitDchxsndt'^^ (GuJik-Kr^ywidvV ct ah. 
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contain the electron dense acyl a?Kl phosphate estcx groups). Two of these 
peaks arc separated by about 16 A in the dry slam, and they miiat represent 
head gj-oup locations of adjAccnt: bikyers l^ecanse the separation increases . 
to 25 A in the wet state. The othej? l^vo peaks^ separated by aboyi 43 Aln the 
dry state, must represent head group localions on either side of a sing-Je 
bilayer: the increase hi their s^eparation in the wet state occurs ouisiie of iht:- 
dry state peaks a^d represents an exteni^ion of the head groups toward the 
Qutside, with irstercalation of water molecules, and does not ixivolve an in- 
ercBse in the width of the hydrophobie core. The most striking aspect of the 
profile Is the dip m the center of this region, where the electron density falls 
well below thai of water. This dip has been ifiterpreted as representing the 
location of the methyl groups at the ends of the hydrocarbon rdiains. Not 
being covalently linked, the ends pf the chains approaching from the two 
skies would be separated by the relativeiy large van der Waal s distance^, 
which is more than twice, the bond distance beuveen covalently linked 
carbon aton-is. (This fact has been previously used in the calculation of 
imccllar volnmes in Chapter 9.) ^ 
In the dircclion parallel to the bilayer surface oniy one reflection at 4/2 A 
was obscrs^ed, corresponding^ as previously stated, to the separation between 
c'osely packed extended hydrocarbon chains. This distance did not change 
upon llxe addition of watery and the overall conclusiQi:^ is that the bilayer at 
the temperature c^f measurement (0^ has a core coasistisig of ej<tended 
hydrocarbaii chains csKcntialiy perpendicular to the bilayer surfacej in a 
regular ordered array. 

Similar resislis were obtained with stacked bilaycrs comistin^ of egg yolk 
phosphatidylcholine, wills the important difiercnce that the ihkkness of 
the bilayer was found to be smaller and the surface area per head group 
largeri abont 60 A- per head group or 30 per hydrocarbon chain. Com- 
pari^on with Fig, 9^1 shows that this indicates that the hydrocarbon chains 
cannot on ?he average be.iully extended in this cssCj as indeed would ^^ot 
be possible in a inixture containing unsaturat^^d hydrocarbon chains. In; addi- 
tion ihe 4.2 A reEecuon in the bilayer plane was replaced by a difliise arc at 
4.6 A, showiBi^ iiot oniy a greater average separations between hydrocarbon 
chains, but also some variation from the 9ff aiigle relative to the surface. 
The hydrophobic core in this case is cleady disordered, and the hydrocarfaoia 
chains must be urideJ-going considcrabk motion even though the hilayers 
themseiv.es are in fixed positionSv However^ the trough m electron density 
at the center of the bllaycr is- still present, and the change in bilayer crimen- 
sioiis Is not large- Substantial orientation of the chains and localizatpn 
GHs groups near the center e\?Mently persists. It may be noted that iTicreased 
hydration at^d sepsration betv^een adjacent bilayers leads to s!%hlly in- 
creased dis0rientation of the chains, delocall5^at?on of the cndSj and slight 
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1967), v^hich has a high content of cardiolipin (four hydrocarbao chaim per 
l^ead group): The. Jatter Ending h not surprblng since tbe cardiolipln mole- 
cMie IS aclually structurally equivalent to vwo norm-A phosphoglveeride 
molecules lirtkcd together. * 

The most accurate bllayer dimensions are probably those givexi bv l^vm^ 
et ciL and by Levmc and Wilki«s (1971) who obtained k^hiy ordered 

stacks of bi3ayer5, separated by water layers, by several t^^chniqu&s. The 
advay^t^ges of such a system arc obvious: diijcrete Bragg rcEecclons are ob^ 
served in X-ray dil^acEion imtead oC contimicjus difFraction envelopes^ and 
the ^padoga that they represent are automatically oriented with mpcct to 
the dircctioia of the bOayer. Ahhough the ovcrsll resolution Is rd^tivdv poor 
owin^ to the rather limited degree of Grder, a ^timckht number of reHcc^ 
•tio.as.were obtained in the direction perpendicular to the bi.|ayer surface to 
permit analysis by Fourier synthesis to obtain ai> electron density profile in 
that direction. The phase assignment required for this procedure was based 
on 4hc reasonable assumption that the changes in the repeat dkiance between 
bilayers, obCained by swelling the sample with water, ^ire accomparued bv 
relatively small differences In the wdth of an Individual tnlsyer. 

Figure 12^2 x cpreseiata one repeat of the electron de«sitv prnfllc across 
the stacked biJayers for dry and wet dipalmitoyi phosphatidylcholi^ie, and 
the incerpretacion h virtually self-explanatory. The peaks of high ekctro^^ 
density must repr^:.iu the 3ocatio» of phospholipid head £?ih>u ps fwhich 
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Fig. 12-2, Electron density profile of one . repc<-it of an oriented statrk of b5]ayer^ «f 
iiipaiAiitoy] phosphstidykholme (taken from X^vlns et .1968). Electron ^ensitw* 
^ ^vc^ r^iati liQind .vater ^.^ ^cro. Tbe dnshm line repr^Dts li^Hd ia th« dry ^tate. 
JSic Eoncs Ime rcpresenL5 data obtayied when the system is under -water. 



shrinkage of ihe core thickness. This presumably results irom the gaxater 
freedom of motion of tite head groups. 



ARTIFICIAL MEMBRANES FOB PHYSIOLOGICAL STUDIES 

I'or physiological studies (electrochemical propenses, difilision eKpcrimetits^ 
etc.) arSificial membranes of large surface area, cOi^skting of a single lipid 
bilay^jr, bounded on botli sides by aqueous ^ahjtioxis, liave proved to be 
extremely useful (e.g., Haydon, 1970). Stich membranes can be prepared 
bfy a procedure first devdoped by Mydlcr et ah (1962), which iowlves ex- 
tension and draijiage.of a layer of lipid in axi organic solvent ^ su<th as decane, 
uritii tlic two HKHiolay^rs at the \vatcr^organlG solvent i^uedace coalesce! 
Very large spherical vej^iclcs wilh areas up to I cm=^ can be formed by closely 
related proccdm^es (PagaT)o and Thompson, 1967). The itm]or difference 
between tJiese systems and the fivstems already diSicms^d, apart from the 
larger surface area, is that they retain large atiiounts of the solvent In which 
tlic lipid was original ty dissolved (Henn aod Thompson, J 960). Thm, 
a]tlM>ugh they may serve as suitable models jfor a phospholipid hilaver from a 
physiological point of vfew, they cannot be eonsidered as structurally 
IdendcaL 



CHOLESTEROL AND ITS INCORPOKATIOrv IN FHOSPeOLIFID 
BILAYEES 

The mm of cholesterol m aqueoos 5alu don has not been investigated, u^- 
doubiediy because its extremely low solubility maiies it dlmcuh to study. 
Preliminary data (Haberland and Reynolds, 1973) indicate that the mono- 
mer coocentraticn at room temper;^ ture is limited to lO^^f; and that a 
micellellkc . aggregate- exists in solution above that concentratiok Because of 
the rigidity of the sterol ring, thh ag^r^gale may not be a iniceile of the type 
discussed in Chapter 6, but rather an aggn:^ate of cholestcml molecules 
stacked side by side. Formation of such an aggregate woi^ld not be expected 
to be codperadve, that is, the free energy gained by fbn^adon of a cholesterol 
dinner would not he expected to be significandy difTercDt froni the fr^^e 
erser^y gained by adding a choleMerol ni^oleculc:to.an already long aggregate. 
Micelle formation would in chat case be a process; of gradual grcnvth with 
increasing conceniration^ and would not octur as a critical phenomenon 
witHn a narrow fanfe of. total concentration. In any event tl^e micelles or 
aggregates thenisdves have a very limited range of JtabHity and, wheii the 
total cholesterol concentration reaches 10- coalesce and separate from 



the solution as a separate phase. Tlii^ process is very likely . due to the lack 
<^ reptiisipn between the hydroxyl groups that constitute tb<i sole hydro- 
phiHc portion of the cholesterol mobcule. We havs already n^tcd (page 43) 
that aliphatic alcohols do not form, micelles, but separate as a pure liquid 
phase instead. Steroid derivatives whh charged carboxyiatc groups (cho- 
ianic acids) readiby form soluble micdks, althoagh they are often of small 

size (Small, 1971). 

Altliough p-^rc cboleftteroi micelles in v/ater preseiit a considerable expert- 
niental p^bleio, cholesterol readily enters into micdles forttied by phos- 
pholipids, and mixed micelles contaijilrig as much as equimblar q^sn tides 
of cholesterol and phospholipid are easily obtained and have received tnuch 
attention, because the questioo of the biological significance of the presence 
of cholesterol in many membranes as an intr%aing one, X-ray difeaction 
studicji of orieated bilaycrs of egg yolk phosphatidylcholine cpntamiiug an 
equimobr admixture of d^olestcrol (I^evinc and Wilkins, 1971) show that 
eholesterol increases the average spacing in the direction of the bilayer plaBC 
from 4.6 to 4,75 A, "The peak-to-peak dislai)ce across the bilayer is siga va- 
cantly increased, and there is considerable sharpening of the electroiv 
density trough at the center of the MI aver, indicati ve of localisation of ter« 
minai CH5 groups over a narrcnver rang^. These results are consis^tent with 
ob^vations on. otl^er systems. (Small and Bourg^rs, 1966; K and and J^jz:^., 
1968; Lccuyer and Bcrvichiai), m7Q) and si^ggest ^^at rhe steroid rmg of 
cholesterol iks in the csderrml portion of the bilayer, as shown InFig, IJ^-S, 
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Fig Schematic dii^ram Qf tHt^ location of cholesterol In phbsphoHpid Mayers 

(i<ikm froi^ Rai^d ^d Uj^z^xu ^ht dl^gran. does reflect tbs tubs^^nt 

\-o-.m^n dist:^.^arl m che tot, that tbc. phospholipid hy<5warboii chaim adjacent ?o 
ihc €l^Dl<^irDl Mx^md dngs XbatcHcd areas) ^urc llkdy to be m a rigid extended corttigur-^ 
atiion, ^Lnd in a mueh it?ii^«s tefed &tate ki tbc ccrtter «f th« balaycr. 
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with its hydr^hilic OH group In. the layer occijpied by the phosphatidyl- 
choline head group, whereas the branched aliphatic lail of che molecule (see 
scructural formula at \htt beginning of this chapter) liihs in the central region 
of ihc bilaycr. The steroid rieg is ooi only d^id^ but also has a thicker cross 
section th^^n the aliphatic tail (Rochman and Bngdrnan, 1972) sod ihe re- 
quireTxKjnt that the total area in the pJaoe of the bilaycr be th^ same at all 
Icvs]^ thcrelbre suggests that, in the: external part of the Ml ay contain mg 
the steroid ring, the phospholipid hydrocarboj^ chains will be fully extended 
arid tend t<> be very close to perpendicular to the surface. Tlie ceatral pari 
of tlic bilaycr, on the other hand, will need to become very fluid, with many 
portions of hydixjcarbon chains at a ccinsldcrable angle to the ptrrpendkular 
direetion- The structyrai detail suggested by this purely geometncai i^aiKm- 
ing will be seen to be in accordance with expcrimeFUal results presented in 
the following chapter. 



EFFECT OF DETEEGJilNTS 

The retention of hydmcarbon in artificial xxmnibrsn^ (sc^ above) and the 
i?5corporation of cholesterol, in phospholipid bilayers arc conscqoenccs of 
the nonspediic nature of the hydrophobic force, and represent particular 
ecs:an:ij>les of phenomena already co.a$ide^ a general way in Chapters S 
and 10, Any ampliiphilic substance should be able to enter into phospholtpid 
mieclleSj with the reservatiosi that this cony not of course occur lor^biiavers 
Vilh an onicr^ed core structure, such as arc f ormed from pure phospholipids 
widi identical saturated acyl chain^, without disry|nibii of the Ordered 
■-structure. 

When lysophosphaddylcholinc is added to phosphaticlylchalirie. tlie bi- 
layer structure is progressively disrupted (Bangham and Home. 1964)^ atxi 
other simple amphiphlles with a single hydrccarbon chain, such as the eom- 
«:son detergents, have the same eHect. The phenomenon is again perfectly 
ger^erai and in accardance with the principles of mixed micelle formation 
set^lbrih in Chapter 10. The eqoilihriuin in a system of nifxed aovphiphiles is 
e^ablishcd regardless of the order of addition, and the addition of an excess 
of detergent or lysophospholipid to a system o£ phospholipid bilayers mmK 
progj-ejisrvcly coiivcrt the system to one of globular detergent: or iy^^ophos- 
pholipid mkelies in which sjmalf aitioants of. phospholipid with two hydro- 
carbon chains are incorporated. 

It h evident therefore that delergetits can be used to disrupt bilayer struc- 
tures md to disperse Mological lipidg in soluble torni within smalil deterg^ent 
niicdleij. Thio ls not of aisy special iiiterest here, btit it provides a lattonale 
for the use of detergents as a tocil in the mvcstigation of biological mem- 
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branes: as will be shown later (Chapter 19) the J^xds of biological m em- 
brants are predominantly j thougjlvnot entkely, in bilayer form. Being in- 
hdmogejieoiis^ they may pftcn be s^^lectiv^ly disr^ipted by ^^t^ addition of 



Pb.ospholipid monolayers at an air-water .or hydrocarbon'- water intcrfece 
resemble monolayers formed by simpler amphlphilca (Chapter U)^ with 
one important diflerence- became there are two Kydrocatbon chajs^ts per 
bead group, the head groups cannot approach as close to each other In 
niooolaycrs Ibrmed by amphaphiles with a single Rlkyl chain. Thus the mini- 
mum area per head group at high pressures is about 40 A- instead of 20 A^. 
In the compression of iiquidlike Blnis^^i^ head groups are 

simiiarly less important tban the paekir^g abiHt>' of r.he hydrocarbon chains,, 
as m seen for example from the work of Van Dcenen et ah (1 962), who ob- 
tamed quite sirailar pressure-area curves, at the interface between air and 
0.14 M phosphate buffer for the distcaroyl derivatives of phosphatidyl 
choline J phosphatidyl elhanolamine, phDsphatidyl scrmc and pbospliatidic 
aeid^ even though the last two have liegatively charged head groups. On the 
other hand, phospholipids: con taioiog' one unsaturated and one satorated 
alkyi chain formed Gonsiderably more expanded films. .The lack of an efect 
fi^om the repulsion between charged head groups appears to ; be contradicted 
by tlie data of Stat^dish a^d Pethic^^^ (quoted by Bcthic^^s 1 969) on ftlms of 
dipalmltoyi phosphatidylcGhaBdlann^ observed formation of con- 

densed ill ms at relatively lowpH^ where the head group is s^wiueriomc, .but 
ibexr result at pH I L% where the head group bears a &mglt negative charge^ 
resembles the curve for CiBHa7N(CM^^ m Fig. IK^ 

An important observation that has bcqp .made ii^ a number of laboi-atories 
is diat cholcstcral does not Icn-m hquidlike monolayers at an air— water Inicr" 
faeCj but condenses at quite low susface pressures to a solidlike It Im with an 
area of about 39 per iBbleculd fAdaori, 1941^ p.. 49; Pcthica, I 9S9). This 
resultj indicating strong: inteiniiokcular forces lead to an ordered ag- 
gregate,' Is consistent with the results obtained for cholesterol aggregates in 
solution (page 106). It would be of great iotercst to obtain comparable data 
at a water-hydrocarbon interface^ to deter mmc the extent ta which this 
specific interaction can compete with random solution of the hydrophobic 
pordon of the choteteroi moJecule in a hydrocarbon medium, but this 
experinK^it has not been doDe. On the basis'of the ease wkh which cholestemi 
can be introduced into pbospholipid bilayers (in prefcFcnce to formatioin of 
ptire cholestf^rol aggregates); 0s3<i w^ that solMJike monolayers 
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would iorm at a water-hydrocarbon interface only at hi..h surface presumes 
A «umber of investigators have reported that cholesterol exerts a con- 
den^smg^cnect on phosphoHpkf B,onolaycr,, that b. that the area of a mixed 
pLyiphokpidrcnalesterol monolayer at any pressure is smalkr than wouW 
be predicted o« the basis «f additivit.. of ,hc arealof the two Gomponcnt. in 
the «T»x£urc Uee r.^-iew by Fethica, 1969). The significance of this observa- 
tion has been questioned (Gcr.hfeld and Pagano, 1972) b«ause tv/o coa- 
dei.s^-d surface phases appear to coexist In at least some of these PKperi- 



Jt may be «otcd En. conclusion that small soluble vehicles hounded by a 
phospholipid monolayer and containing an ir.ncr volume of an organic 
solvent, _ca« be prepared by sdnkadoa of an aqueous dispersion of droplets 
ot iipid m the organic so]verU (Trauble and Grelli l!97i). 
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